Little is known regarding the molecular pathways that underlie the retinal maturation process. We are studying the regulation of the retinal fatty-acid-binding protein (R-FABP) gene, highly expressed in retinal precursor cells, to identify DNA regulatory elements and transcriptional factors involved in retinal development. Although the upstream sequence of the R-FABP gene is extremely GC rich, CpG methylation in this region is not implicated in the regulation of this gene because the 5 flanking DNA remains unmethylated with tissue differentiation when there is a dramatic decrease in R-FABP transcript levels. Using a combination of DNase I hypersensitivity experiments, gel shift assays, and DNase I footprinting, we have found three sites of DNA-protein interaction within 205 bp of 5 flanking DNA in the undifferentiated retina and four sites in the differentiated retina. DNA transfection analysis indicates that the first two footprints located within 150 bp of 5 flanking DNA are required for high levels of transcription in primary undifferentiated retinal cultures. The first footprint includes a putative TATA box and Sp1 binding sites while the second footprint contains a consensus AP-2 DNA binding site. Supershift experiments using antibodies to AP-2 and methylation interference experiments indicate that an AP-2-like transcription factor present in both late-proliferative-stage retina and differentiated retina binds to the upstream region of the R-FABP gene. A combination of data including the expression profile of AP-2 during retinal development and DNA transfection analysis using constructs mutated at critical residues within the AP-2 binding site suggests that AP-2 is a repressor of R-FABP transcription.
The fatty-acid-binding protein (FABP) family consists of a number of structurally related proteins with characteristic cellular, tissue, and developmental distribution patterns. Members of this family include heart FABP, intestinal FABP, adipocyte lipid-binding protein, myelin P 2 , cellular retinoicacid-binding proteins, and cellular retinol-binding proteins (1, 51) . Some FABPs, such as adipocyte FABP and myelin P 2 , are restricted to one tissue or organ type while others are more broadly expressed. For example, intestinal FABP is found in both intestine and stomach while liver FABP is present in liver, intestine, kidney, and stomach (reviewed in reference 51). Roles proposed for these proteins include the uptake, intracellular solubilization, storage, and/or delivery of fatty acids and retinoids (1) . A role in signal transduction has also been proposed for heart FABP and adipocyte lipid-binding protein via phosphorylation of a tyrosine residue at position 19 by the insulin receptor (8, 41) . Furthermore, mammary-derived growth inhibitor (also called heart FABP [46] ) and liver FABP appear to be involved in the differentiation of mammary epithelial cells and in the control of hepatocyte cell proliferation, respectively (35, 36, 60) . Some FABPs are located in both the nucleus and the cytoplasm, suggesting that they may play a role in carrying hydrophobic ligands to the nucleus (6, 7) . MeunierDurmort et al. (38) have recently shown that long-chain fatty acids are strong inducers of liver FABP gene expression.
The presence of a mammalian brain FABP was first reported in 1984 (2, 4) , and the murine gene was cloned in 1994 (18, 37) . The mouse brain FABP (B-FABP) has 67% amino acid identity with murine heart FABP and a lower level of homology with other members of the family (37) . B-FABP expression correlates with neuronal differentiation in the mouse central nervous system, where the protein is primarily expressed in radial glial cells. Antibodies to B-FABP prevent both neuronal and glial cell differentiation of primary cerebellar cells in vitro. In these cultures, the extension of the radial glial processes is blocked as well as the migration of neuronal cells along the processes (18) . Based on these observations, it was proposed that B-FABP is required for the establishment of the radial glial cell fiber system required for the migration of immature neurons in the developing nervous system. Using transgenic mice, Feng and Heintz (19) identified a radial glial cell-specific element located between 300 and 800 bp upstream of the B-FABP transcription initiation site.
We have identified an FABP transcript that is highly expressed in the retina and brain of the developing chicken embryo (24) . The predicted amino acid sequence of retina FABP (R-FABP) is 85% identical to that of the mouse B-FABP. Homology to other members of the FABP family is considerably lower (e.g., 70% identity to bovine heart FABP, 59% to bovine myelin P 2 , and 31% to rat intestinal FABP). Interestingly, B-FABP was not detected in the retina of the developing mouse embryo (37) . We have found R-FABP to be highly expressed from day 3 (d3) (the earliest stage tested) to d7 in the chick retina as well as from d5 to d19 in the chick brain (24, 26) , suggesting a role in chick retinal developmentmaturation in addition to the roles proposed for B-FABP in the brain.
Retinal development in the chick is divided into three overlapping stages: (i) cell proliferation and migration, which occurs primarily from d2 to d8 of incubation; (ii) readjustment to the proper layer (d8 to d10); and (iii) expression of differentiated properties (d11 to hatching at d21). At d3, the majority of cells in the chick retina are proliferating multipotential neuroectodermal cells that can differentiate into the six major classes of neuronal cells (photoreceptor, ganglion, bipolar, am-acrine, interplexiform, and horizontal) and one class of glial cells (Müller) that form the mature retina (49, 50, 53, 55, 56) . At d7, 60% of the cells are proliferating, although the retina has differentiated to some extent and the innermost nerve fiber layer and ganglion cell layer are readily apparent (16, 44) . By d9, only 10% of the cells are undergoing cell division (16) . In the differentiated d19 retina, R-FABP mRNA levels are barely detectable, having undergone a 50-to 100-fold reduction compared to those at d3.5 (24, 26) .
Here, we study the regulation of the R-FABP gene in order to gain insight into the molecular mechanisms that underlie retinal development. We have identified four DNA elements in the 5Ј flanking region of the R-FABP gene that bind nuclear proteins. One of these elements contains a binding site for AP-2, a retinoic-acid-regulated transcriptional factor that plays an important role in the regulation of gene expression during mammalian embryogenesis.
MATERIALS AND METHODS

Primer extension analysis. Poly(A)
ϩ RNA was isolated from d5 retina, d16 retina, and d16 heart as described previously (24) . The 20-nucleotide (nt) primer 5Ј-GTTGTGGCTGTCCGCCAGCT-3Ј, corresponding to positions 38 to 57 bp of the R-FABP cDNA previously described (24) , was end labelled with [␥-
32 P]ATP (3,000 Ci/mmol) and T4 polynucleotide kinase. End-labelled primer was annealed to poly(A) ϩ RNA at 42°C for 90 min, and the cDNA was extended at 50°C for 30 min with avian myeloblastosis virus reverse transcriptase, following the protocols supplied by Promega. Samples were run on an 8% polyacrylamide gel containing 7 M urea in 1ϫ Tris-borate-EDTA (TBE) buffer. Marker lanes consisted of either labelled sequencing reaction mixtures or end-labelled X174 phage digested with HinfI.
DNase I hypersensitivity analysis. Procedures related to DNase I hypersensitivity experiments were as described elsewhere (27) . Briefly, nuclei were isolated from 4 dozen d7 chick retinas by homogenization in cold 10 mM Tris-HCl (pH 7.5)-5 mM MgCl 2 -0.5 M sucrose-0.15 mM spermine-0.5 mM spermidine and layering on a 0.88 M sucrose cushion in homogenization buffer. The nuclei were spun through the cushion at 5,000 rpm for 5 min in an HB-4 rotor. The nuclei were resuspended in 10 mM Tris-HCl (pH 7.5)-2.5 mM MgCl 2 -0.25 M sucrose. DNase I (Worthington) was added to aliquots of nuclei to final concentrations of 0.1, 1, 2.5, 5, 10, and 25 g/ml and incubated at 37°C for 10 min. An undigested control was included with each experiment. Digestion was stopped by adding 2 volumes of 10 mM Tris-HCl (pH 7.5)-1% sodium dodecyl sulfate (SDS)-5 mM EDTA-50-g/ml proteinase K (Boehringer Mannheim). Samples were incubated overnight at 37°C, extracted with chloroform and phenol, and precipitated in ethanol. The purified DNAs (10 g for each time point) were then digested with appropriate restriction enzymes and electrophoresed in a 1% agarose gel in 40 mM Tris-acetate-1 mM EDTA (pH 7.2). The DNA was transferred to nitrocellulose and hybridized with probes a, b, and c (described in the legend to Fig. 3 ) labelled by nick translation.
DNA transfection analysis. R-FABP 5Ј flanking DNA fragments of different lengths were ligated to the 5Ј end of the chloramphenicol acetyltransferase (CAT) gene in the pCAT basic vector (Promega): the Ϫ3.5-kb construct contains a 3,562-bp fragment from Ϫ3545 (BanI) to ϩ17 (BanI), the Ϫ234-bp construct contains a 245-bp fragment from Ϫ234 (PvuII) to ϩ11 (RsaI), the Ϫ135-bp construct contains a 145-bp fragment from Ϫ135 (SstII) to ϩ11 (RsaI), and the Ϫ51-bp construct contains a 61-bp fragment from Ϫ51 (NaeI) to ϩ11 (RsaI). The Ϫ65-bp construct was obtained by ligating a PCR-generated fragment from Ϫ65 to ϩ11 bp into the pCAT basic vector. To test the activity of the AP-2 binding site 5Ј-GCCGTGGGC-3Ј (conserved residues in boldface), we generated two mutant constructs with base pair substitutions in the residues required for the binding of AP-2. In mutant 1, the AP-2 site (located at Ϫ75 to Ϫ67 bp) was mutated to GTTGTGGGC by PCR amplification of a DNA fragment spanning the AP-2 site using a primer containing the two mutated bases indicated by the underline, 5Ј-CGTTGTTGTGGGCGGCTCCCCTCCC-3Ј. In mutant 2, the AP-2 site was mutated to GTTGTGTTC with the following primer, 5Ј-CGTTG TTGTGTTCGGCTCCCCTCCC-3Ј, and mutant 1 DNA as the template DNA. Both mutant fragments were introduced into the Ϫ135-bp construct. All constructs were sequenced to ensure that only the intended mutations were introduced. Transient expression assays were as described by Graham and van der Eb (29) and Godbout et al. (25) . To prepare primary retinal cultures, d5 retinas were dissected using an inverted microscope and digested with trypsin at 37°C for 5 min. The equivalent of three to four retinas/100-mm plate was cultured in Dulbecco modified Eagle medium plus 10% fetal calf serum. The cells were transfected when approximately one-third of the plate surface was covered (6 to 7 days after plating). For each transfection, 5 g of CAT vector DNA and 5 g of pSV-␤-galactosidase control vector (internal control) (Promega) were precipitated in calcium phosphate and left on the cells for 16 h. The cells were harvested 48 to 50 h later. At this time, the plate was confluent or almost confluent. Cell extracts were prepared according to a freeze-thaw protocol provided by Promega, and CAT activity was measured with [ 14 C]chloramphenicol in the presence of n-butyryl coenzyme A. Samples were assayed by both liquid scintillation counting and thin-layer chromatography. ␤-Galactosidase activity was measured in 96-well plates with a plate reader (405 nm) and ONPG (onitrophenyl-␤-D-galactopyranoside) as the substrate. As an additional control for transfection efficiency, Hirt DNA was prepared and analyzed by Southern blotting with CAT vector DNA as the probe (31) .
CpG methylation analysis. Genomic DNA was prepared as described by Sambrook et al. (45) . Cytosine deamination by bisulfite treatment and PCR amplification was performed according to the method of Frommer et al. (20) as modified by Clark et al. (13) . Briefly, 10 g of genomic DNA from d5 chick retina, d16 chick retina, and adult chicken liver was digested with BamHI, denatured with sodium hydroxide, and treated with sodium bisulfite and hydroquinone for 16 h at 55°C. The free bisulfite was removed with a desalting column (Promega Magic DNA Clean-Up System). The DNA was treated with sodium hydroxide, neutralized with ammonium acetate, ethanol precipitated, and resuspended in 100 l of TE (10 mM Tris-HCl [pH 7.5], 1 mM EDTA). PCR amplification was carried out with TaqI polymerase (Stratagene) and the following primers: primer 1, 5Ј-TAAAGTTGTGGTTGTT(T/C)GTTAG-3Ј, from positions ϩ60 to ϩ81 where (T/C) represents the location of a C that could potentially be methylated; and primer 2, 5Ј-CACTAAAAATTACCTTCACTTA ACC-3Ј, from positions Ϫ442 to Ϫ418. The PCR products were reamplified with a nested primer (primer 3) from positions Ϫ355 to Ϫ335 (5Ј-CTCCCAAAAACC TTATCCTAC-3Ј) and with primer 1. The amplified DNA was ligated into pBluescript with a T overhang (33) and transformed into XL1-Blue. DNA inserts were sequenced with T7 DNA polymerase (Pharmacia) and the M13 forward and reverse primers.
DNA-protein binding assays. Nuclear extracts were prepared from d7 retina and d16 retina as previously described (28, 52) . Protein concentrations were measured by the Bradford assay (Bio-Rad).
(i) Footprinting analysis. The 245-bp PvuII/RsaI R-FABP genomic DNA fragment from Ϫ234 to ϩ11 bp was ligated into the SmaI site of the pBluescript vector. The top and bottom strands were separately labelled by digesting the construct with either XbaI or HindIII, filling in with Klenow polymerase and [ 32 P]dCTP, and cutting out the insert with either HindIII or XbaI. The labelled DNAs were purified on a polyacrylamide gel. Procedures related to DNase I footprinting analysis were as described previously except that no polyvinyl alcohol was added (34) . Briefly, 10 fmol of DNA was combined with 10 to 20 g of nuclear extract and incubated in 50 l of binding buffer containing 0.25 g of poly(dI-dC) for 15 min on ice, followed by 2 min at room temperature. An equal volume of start buffer containing 5 mM CaCl 2 and 10 mM MgCl 2 was added, and the mixture was digested with 4 to 6 l of a 5-g/ml solution of DNase I (Worthington). The reaction was stopped after 1 min. Samples were purified by phenol-chloroform extraction and ethanol precipitation and resolved on a 7% polyacrylamide sequencing gel. As a negative control, the DNA without nuclear extract was digested with DNase I. The GϩA sequencing ladder was prepared according to the method of Belikov and Wieslander (3) .
(ii) Electrophoretic mobility shift assay (EMSA). The NaeI/EagI fragment from Ϫ52 to Ϫ90 bp (containing footprint II) was labelled by filling in at the EagI site with Klenow polymerase. EMSAs were performed with 0.025 pmol of labelled DNA in a final volume of 20 l containing 2 g of poly(dI-dC) and 15 g of nuclear extract (42) . The following DNA fragments (100ϫ molar excess) were used as competitors: the EagI/NaeI fragment from Ϫ9 to Ϫ51 bp that includes footprint I; the Ϫ52-to Ϫ90-bp NaeI/EagI fragment that includes footprint II; and three double-stranded consensus oligonucleotides to the Sp1, AP-2, and CTF/NF1 transcription factors (Promega). The Ϫ52-to Ϫ90-bp NaeI/EagI fragment containing the two base pair substitutions in the AP-2 site (described as mutant 1 in the DNA transfection section) was tested for its ability to bind nuclear proteins under the same conditions as for the wild-type (WT) NaeI/EagI fragment. For the supershift experiments, we used 2 l of either anti-human AP-2 antibody (Santa Cruz Biotechnology) or anti-human TFIID (TATA-boxbinding protein [TBP] ) antibody (Promega) following the protocol supplied by Santa Cruz Biotechnology. Anti-human NF1 antibody (Santa Cruz Biotechnology) was also used in some experiments.
(iii) Methylation interference assay. The noncoding strand of the Ϫ52-to Ϫ90-bp NaeI/EagI DNA fragment and the coding strand of the Ϫ9-to Ϫ90-bp EagI/EagI DNA fragment were individually end labelled with [
32 P]dCTP with Klenow polymerase. The labelled DNA fragments were partially methylated at G and A residues with dimethyl sulfate as described elsewhere (21) . Binding reactions were carried out as described for the EMSA with a fivefold scale-up. Free and bound molecules were separated on an 0.5ϫ TBE-6% polyacrylamide gel, eluted from the gel slices by a soaking in 0.2 M NaCl-20 mM EDTA (pH 8.0)-1% SDS-1-mg/ml tRNA, and cleaved in 10% piperidine at 90°C for 30 min. Residual piperidine was removed by lyophilization. The cleavage products were analyzed on either an 8% or a 12% denaturing polyacrylamide gel.
Northern and Western blot analyses. Poly(A) ϩ RNA was isolated from d5, d7, d10, and d16 retinas as described earlier (24) . The RNA was transferred to a nitrocellulose filter, hybridized to a 1.5-kb AP-2 cDNA isolated from a human adult retina cDNA library (Genome Systems Inc.; clone 362684; accession no. AA018570 and AA018571), and washed at 45°C in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% SDS. The ends of the AP-2 cDNA were sequenced to ensure that it was the correct clone. The filter was hybridized to mouse ␣-actin cDNA to control for lane-to-lane variation in RNA levels.
To analyze levels of AP-2 in nuclear extracts, proteins were electrophoresed in an 8% polyacrylamide-SDS gel and electroblotted onto nitrocellulose. The filter was incubated with a 1:1,000 dilution of anti-human AP-2 antibody (Santa Cruz Biotechnology). Antigen-antibody interactions were visualized with the ECL Western blotting analysis system (Amersham) with a 1:100,000 dilution of peroxidase-linked secondary anti-rabbit immunoglobulin G antibody (Jackson ImmunoResearch Laboratories).
RESULTS
Structure of the R-FABP gene.
The 709-bp R-FABP cDNA isolated from a d3.5 chick retina cDNA library was used to probe a chicken genomic library. Three independent bacteriophages were isolated: GC3-1, with an insert of ϳ15 kb; GC3-4, with an insert of ϳ17 kb; and GC3-5, with an insert of ϳ14 kb. Restriction enzyme digestions and partial sequence analyses of the inserts contained in these three bacteriophages generated the physical map shown in Fig. 1 . The R-FABP gene is contained entirely within a 3.5-kb DNA fragment. GC3-1 contains ϳ14 kb of 5Ј flanking DNA while GC3-4 contains ϳ14 kb of 3Ј flanking DNA. A middle repetitive sequence element, CR1, is located ϳ4 kb upstream of the R-FABP gene. Another repetitive element, Opa, is located ϳ1 kb upstream of the gene. Opa repeats are sometimes translated, forming long tracts of polyglutamine (54) . Northern blot analysis of poly(A)
ϩ RNAs isolated from chick tissues (including retina) with a DNA fragment containing the Opa repetitive element as the probe suggest that this Opa repeat is not transcribed in the chick (data not shown).
The structure of the chick R-FABP gene is similar to that reported for mammalian FABP genes with exons 1 to 4 encoding amino acids (aa) 1 to 24, aa 25 to 82, aa 83 to 116, and aa 117 to 132, respectively. The fourth exon is the longest, consisting of 352 bp, 301 bp of which represents the 3Ј untranslated region. Donor and acceptor splice sites conform to the GT/AG rule.
Identification of the 5 end of the R-FABP transcript. The R-FABP cDNA isolated from a chick retina library contains 9 bp of 5Ј untranslated sequence. To determine the exact site of transcription initiation, primer extension analysis was carried out with a 20-nt oligomer corresponding to positions 38 to 57 of the cDNA described earlier (24) . Poly(A) ϩ RNA was isolated from d5 retina and d16 brain, both of which express elevated levels of R-FABP transcript, and from d16 heart, which expresses no (or undetectable) R-FABP mRNA. Extended products of ϳ75 nt were observed in the d5 retina and d16 brain but not in the d16 heart ( Fig. 2A) . To determine the exact site of transcription initiation, the same reaction mixtures were run on an 8% denaturing polyacrylamide gel alongside previously analyzed sequencing reactions. Three major extended products of 75, 76, and 77 nt were identified. The transcription initiation sites of R-FABP mRNA are therefore located 18 to 20 nt upstream of the 5Ј end of the longest cDNA isolated from the chick retina library (Fig. 2B ). The 5Ј-most nucleotide is designated ϩ1.
A putative TATA box is located 30 bp upstream of the transcription initiation site. However, as shown in Fig. 2B , the classic TATAAA sequence is replaced by TTTAAA in the R-FABP gene. In 97% of TATA boxes, an "A" is found in the second position. A "T" in this position has been reported in only 2% of TATA box-containing genes. It is therefore not clear whether this sequence represents a bona fide TATA box. A notable feature of the sequence immediately upstream of the transcription initiation site is its extremely high GC content. Over a 200-bp sequence, 162 bp (81%) are G's or C's. These are indicated in boldface in Fig. 2B .
Localization of DNase I-hypersensitive (HS) sites flanking the R-FABP gene. An efficient way to scan relatively large regions of DNA for the presence of regulatory elements is to treat nuclei with increasing concentrations of DNase I and to analyze the digested DNA by Southern blotting. This technique has been used to identify both proximal and distal regulatory elements in a large number of genes (30, 48, 59) . Nuclei from d7 chick retina cells were digested with 0.1, 1, 2.5, 5, 10, and 25 g of DNase I per ml. Genomic DNA was isolated from each nuclear preparation, digested with HindIII, run on a 1% agarose gel, and transferred to nitrocellulose. Duplicate blots were hybridized with a 500-bp HindIII/BglI DNA fragment (probe a) from the 5Ј end of the R-FABP gene ( Fig. 1 and 3A and C) and with a 500-bp ScaI/XhoI fragment (probe b) located between exons 1 and 2 ( Fig. 3B and C) . With probe a, the expected 6-kb fragment representing intact genomic DNA was obtained as well as a ϳ4.2-kb fragment that increased in intensity with increasing DNase I concentration. Probe b hybridized to the intact 6-kb genomic DNA fragment as well as to a ϳ1.8-kb fragment that increased in intensity in a DNase Idependent manner. Both HS sites correspond to the same location at the 5Ј end of the R-FABP gene, immediately upstream of the transcription initiation site in the GC-rich region shown in Fig. 2 . This site is indicated by a large asterisk in Fig.  3 . A weak HS site at ϳ4.4 kb was also detected when the filter was hybridized with probe b. This HS site is indicated by the small asterisk in Fig. 3 . Since this HS site was found in only one orientation and was very weak, it was not analyzed further. Regulatory elements have been found not only in the 5Ј flanking region of genes but also within genes and in their 3Ј flanking regions. We therefore analyzed the downstream region of the R-FABP gene for the presence of HS sites. The DNase I-treated genomic DNA was digested with EcoRI, generating a 6-kb fragment that includes exons 3 and 4 as well as 3.5 kb of 3Ј flanking DNA. Using a 250-bp EcoRI/HindIII fragment as the probe (labelled "c" in Fig. 3C ), we obtained a strong band at 6 kb but no additional smaller bands that would indicate the presence of HS sites. The strong HS site located at the 5Ј end of the R-FABP gene suggests that a major regulatory domain(s) is located immediatedly upstream of the transcription initiation site.
Methylation analysis of the R-FABP promoter. DNA methylation in promoter regions has been implicated in the regulation of cell-, tissue-, and development-specific genes (17) . In general, hypomethylation of CpG residues correlates with gene expression while hypermethylation correlates with nonexpression. The 5Ј end of the R-FABP gene is exceedingly GC rich, with 33 CpG dinucleotides within 200 bp of 5Ј flanking DNA. A recently developed method (13, 20) allows the analysis of the methylation status of every C residue. We have used this technique to analyze the methylation state of the region from Ϫ334 to ϩ59 bp in preparations of genomic DNA from d5 retina (elevated levels of R-FABP mRNA), d16 retina (low levels of R-FABP mRNA), and adult chicken liver (no detectable R-FABP mRNA by Northern blot analysis). The bisulfite-treated DNAs were PCR amplified first with primers 1 and 2 and subsequently with primer 1 and the nested primer 3 as described in Materials and Methods. Because of the reported variability in methylation patterns observed by others (40), we sequenced both strands of six independent clones from each of the genomic DNAs. Surprisingly, all of the C's in all of the DNAs sequenced were converted to T's, indicating that none of the C residues in this region was protected by methylation (data not shown). As a result of bisulfite treatment, the two strands of DNA contain many base substitutions which result in considerable difference in the sequence of one strand relative to the other. The three-primer PCR strategy described here will therefore amplify only the strand of DNA to which the primers were made. We did not sequence the other DNA strand because there is no evidence that methylation can occur on only one strand. Based on these data, we conclude that methylation in the immediate upstream region of the R-FABP gene is not involved in either the dramatic reduction in R-FABP transcript levels observed from d5 to d16 in the chick embryo or the repression of R-FABP gene activity in adult liver.
Analysis of regulatory domains by DNA transfection of primary retinal cultures. We transfected primary chick retinal cultures from d5 embryos to determine whether the 5Ј flanking region of the R-FABP gene has regulatory activity. Four different constructs were tested; either 51 bp, 135 bp, 234 bp, or 3.5 kb of 5Ј flanking DNA was linked to the CAT reporter gene and introduced into primary cultures of retinal cells by calcium phosphate-mediated DNA transfection. A CAT vector (pCAT basic) containing no enhancer and no promoter served as the negative control. The results of four separate experiments are individually tabulated in Fig. 4A . Each number presented in this figure is an average of at least two separate measurements of CAT activity. ␤-Galactosidase activity was measured in each case to ensure that the transfection efficiencies were similar for each plate. There was less than a twofold variation in ␤-galactosidase activity from sample to sample within each set of experiments. Because we used primary cultures, there was more variation in CAT activity from experiment to experiment than ordinarily observed with established cultures. However, a similar trend was observed in all four experiments: CAT activity increased 8-to 25-fold in constructs containing 51 bp of R-FABP upstream sequence compared to pCAT basic. An additional ϳ4-to 5-fold increase was obtained with 135 bp of upstream sequence. Little or no further increase in CAT activity was observed with the Ϫ234-bp construct while the Ϫ3.5-kb construct consistently generated lower CAT activity than either the Ϫ135-or Ϫ234-bp constructs, suggesting that the sequence from Ϫ234 bp and Ϫ3.5 kb has a negative influence on transcription. To ensure that the Ϫ3.5-kb construct was taken in by the cells as efficiently as the other constructs, we measured levels of transfected plasmid DNAs by the method of Hirt (31) . There was less than a twofold variation from construct to construct (data not shown). These data suggest that sequences located within 135 bp of 5Ј flanking DNA are especially important for the upregulation of the R-FABP gene.
DNA-protein interaction analysis of the R-FABP promoter. Transient DNA transfection of primary retinal cultures using the CAT assay suggests that full activity is obtained with the Ϫ234-bp construct and that most of the activity is within 135 bp of 5Ј flanking DNA. To analyze the sites of protein-DNA interaction within this region, in vitro DNase I footprinting analysis was carried out with a PvuII/RsaI genomic DNA fragment from Ϫ234 to ϩ11 bp. To compare sites of DNA-protein interaction in the undifferentiated versus differentiated retina, nuclear extracts were prepared from d7 retina and d16 retina. Regions protected from DNase I digestion are shown in Fig. 5 . When the coding strand was labelled, four distinct footprints were observed in the d16 retinal extracts: from Ϫ24 to Ϫ52 bp (footprint I), Ϫ59 to Ϫ80 bp (footprint II), Ϫ114 to Ϫ140 bp (footprint III), and Ϫ199 to Ϫ205 bp (footprint IV). The patterns obtained with d7 retina were similar except that footprint II extended only from Ϫ63 to Ϫ80 bp and footprint III was not detected in these extracts although there was a DNase I HS site at position Ϫ129. DNase I footprinting of the noncoding strand consistently produced footprints that were less clear than those observed on the coding strand. A number of strong bands in the region from Ϫ85 to Ϫ145 showed a reduction in intensity although extended areas of reduced intensity corresponding to footprints were not obvious. The following footprints were obtained on the noncoding strand with d16 retinal extracts: from Ϫ206 to Ϫ195 bp (footprint IV), Ϫ143 to Ϫ122 bp (footprint III), Ϫ63 to Ϫ80 bp (footprint II), and Ϫ52 to Ϫ27 bp (footprint I). Footprints I, II, and IV were also observed with d7 retinal extracts. There is therefore a general agreement with the footprints on the coding and noncoding strands.
As mentioned earlier, the 5Ј flanking region of R-FABP is extremely GC rich (Fig. 2B) . The sequence protected in footprint I consists of a stretch of G's and C's followed by the putative TATA (TTTAAA) box (Fig. 6) . A number of possible Sp1 binding sites are located within this region. Similarly, footprints II and III consist almost entirely of G's and C's, while the nucleotides protected by footprint IV are 5Ј-GATAAT-3Ј (Fig. 6) . Interestingly, there is an AP-2 consensus binding site within footprint II-5Ј-GCCGTGGGC-3Ј (the conserved residues are indicated in boldface). Footprint II is located within the 135-bp 5Ј flanking DNA of the R-FABP gene that generates a high level of activity in the DNA transfection 
FIG. 4. Analysis of the regulatory activity of the R-FABP 5Ј upstream region
by the CAT assay. (A) Four DNA fragments containing from Ϫ3.5 kb to ϩ17 bp, Ϫ234 to ϩ11 bp, Ϫ135 to ϩ11 bp, and Ϫ51 to ϩ11 bp were ligated to the pCAT basic vector containing no promoter or enhancer. Primary d5 retinal cultures were transfected, and CAT activity was measured by the conversion of [ 14 C] chloramphenicol to its butyrylated derivatives. The results from four separate experiments are tabulated. Each number represents the average fold increase in CAT activity for each construct compared to pCAT basic. Numbers have been adjusted to account for construct size and for variations in ␤-galactosidase activity. (B) WT and mutant (MT) AP-2 recognition sites in the context of the Ϫ135-bp construct described above were transfected into primary d5 retinal cultures. In Ϫ135 MT1, the AP-2 site (GCCGTGGGC) was mutated to GTT-GTGGGC, and in Ϫ135 MT2, the AP-2 site was mutated to GTTGTGTTC. The Ϫ65-bp construct was prepared by PCR amplification of the region from Ϫ65 to ϩ11 bp. The fold increases indicated for experiments 5 to 8 have been adjusted for variations in levels of transfected DNA by densitometric scanning of gels containing Hirt DNA. analysis. To further analyze footprint II, EMSA was carried out with a labelled DNA fragment from Ϫ52 to Ϫ90 bp as the probe. A similar pattern was obtained with both d7 and d16 retinal extracts although the intensity of the bands observed with d7 extracts was consistently weaker than that observed with d16 extracts (Fig. 7) . In the absence of specific competitors, a strong retarded band (indicated by the arrow) and multiple weaker retarded bands were observed (lanes 1 and 6 in Fig. 7) . When the Ϫ52-to Ϫ90-bp DNA fragment was used as a competitor, these bands either disappeared or were substantially reduced in intensity, including the strong band indicated by the arrow (lanes 2 and 7) . With a DNA fragment from Ϫ9 to Ϫ51 bp as the competitor, there was only a slight decrease in the intensity of the bands (lane 11). In the presence of a 100ϫ excess of consensus double-stranded oligonucleotides to SP1, AP-2, and CTF/NF1, competition was observed only in the lanes containing the AP-2 oligonucleotide (lanes 4 and 9) , where two of the retarded bands either disappeared or were significantly reduced in intensity (including the band indicated by the arrow). The remaining bands were not affected by the presence of excess unlabelled AP-2 oligonucleotide. To obtain additional evidence that an AP-2-like transcription factor is binding to the Ϫ52-to Ϫ90-bp region, nuclear extracts from both d7 and d16 retinas were incubated with either an antibody to AP-2 or an antibody to TBP prior to addition of the labelled Ϫ52-to Ϫ90-bp DNA fragment. As shown in Fig. 8 , a supershifted band was observed in the presence of the AP-2 antibody. Supershifting was not obtained in the presence of either TBP antibody (shown) or NF1 antibody (not shown).
We used the methylation interference assay to determine which purine residues in the Ϫ52-to Ϫ90-bp region are in EMSA with a DNA fragment (Ϫ52 to Ϫ90 bp) containing footprint II as the probe. The 32 P-labelled probe (Ϫ52 to Ϫ90 bp) was incubated with nuclear extracts from either d7 or d16 retina and run on a 6% nondenaturing polyacrylamide gel in 0.5ϫ TBE. The following competitors (in ϳ100ϫ molar excess) were tested: no competitor (lanes 1 and 6), unlabelled Ϫ52-to Ϫ90-bp DNA fragment (lanes 2 and 7), SP1 oligonucleotide (lanes 3 and 8), AP-2 oligonucleotide (lanes 4 and 9), CTF/NF1 oligonucleotide (lanes 5 and 10), and Ϫ9-to Ϫ51-bp DNA fragment (lane 11). The arrows indicate the location of the strongest specific DNA-protein band. The free probe is at the bottom of the gel. close proximity to the transcription factor found in the major EMSA band. Figure 9 shows that methylation of G residues at positions Ϫ74, Ϫ73, and Ϫ67 on the noncoding strand and Ϫ75, Ϫ72, Ϫ70, Ϫ69, and Ϫ68 on the coding strand interferes with protein binding. This pattern was identical for both d7 and d16 retinal extracts. Methylation of a G (indicated by the arrow) located outside the AP-2 binding site at position Ϫ64 on the noncoding strand also interfered with protein binding. Similar methylation interference patterns were observed for the AP-2 DNA binding sites in the simian virus 40 enhancer and human metallothionein IIa distal basal-level element, except that no extension beyond the AP-2 site was noted (57) .
AP-2 expression in the retina. The DNA transfection results indicate that footprint II, which includes the AP-2 binding site, plays a positive role in the regulation of the R-FABP gene. However, the DNA-protein interaction experiments suggest that AP-2 is more abundant (or more active) in the differentiated d16 retina (which expresses low levels of R-FABP mRNA) than in d7 retina (which has elevated levels of R-FABP mRNA). An AP-2␣ cDNA isolated from a human adult retina library (Genome Systems Inc.) was used to probe a Northern blot containing mRNAs from chick retinas at different developmental stages (Fig. 10A) . Three AP-2 transcripts of ϳ1.8, 3.5, and 4 kb (indicated by the arrows) were detected after washing of the blots under moderate stringency, with the strongest signal obtained at d10. By d16, AP-2 transcript levels were significantly reduced. AP-2 transcripts were not detected at d5, while weak bands at 1.8 and 4 kb were observed at d7. The band marked by an asterisk represents residual signal from a previous hybridization and is unrelated to AP-2 mRNA.
We used a commercially available anti-human AP-2 antibody specific for AP-2␣ to measure AP-2 levels in the d7 and d16 nuclear extracts used for the footprinting and EMSA experiments. In agreement with the gel shift assays and the Northern blot analysis, we found considerably lower levels of AP-2␣ in d7 compared to d16 retinal extracts (Fig. 10B) . Analysis of total cellular lysates indicate that levels of AP-2␣ are at least 10-fold lower in d7 retina compared to d10 retina and approximately 2-fold lower in d16 retina compared to d10 retina (data not shown). AP-2␣ was not detected in d5 retina.
Mutation analysis of the AP-2 binding site. To more directly assess the role of the R-FABP AP-2 binding site in proliferating retinal cells, we transfected primary d5 retinal cultures with pCAT constructs carrying mutations in the core recognition sequence for AP-2. In mutant 1 (MT1), the AP-2 sequence 5Ј-GCCGTGGGC (conserved residues in boldface) was mutated to GTTGTGGGC and in mutant 2 (MT2), the AP-2 site was mutated to GTTGTGTTC. The mutations were introduced into the Ϫ135-bp construct, which contains 135 bp of R-FABP upstream sequence. Comparison of the WT and mutant Ϫ135-bp constructs indicates that mutations in the AP-2 binding site have only a slight effect on CAT activity, decreasing levels by Ͻ2-fold (Fig. 4B) . Since there are only two clear footprints in the R-FABP proximal regulatory region with d7 retinal extracts, we tested a Ϫ65-bp construct to determine whether inclusion of sequences between Ϫ51 bp and the AP-2 site (located from Ϫ67 to Ϫ75 bp) might increase CAT activity to the levels observed with the Ϫ135-bp construct. Again, there was only a slight increase (between 1.2-and 1.7-fold) in CAT activity in the Ϫ65-bp compared to the Ϫ51-bp construct.
We tested whether AP-2 could bind to the mutated AP-2 Methylation interference with the DNA fragment from Ϫ52 to Ϫ90 bp (containing footprint II). EMSA was carried out with either d7 (not shown) or d16 (shown) chick retinal extract with a partially methylated singly endlabelled probe representing the coding and noncoding strands. The bands corresponding to free DNA and protein-bound DNA (major band indicated by the arrows in Fig. 7) were excised, and the DNA was eluted, cleaved with piperidine, and electrophoresed in an 8% (coding strand) or 12% (noncoding strand) denaturing polyacrylamide gel. The conserved residues in the AP-2 DNA binding site are indicated in boldface (5Ј-GCCNNNGGC-3Ј). The arrowheads indicate the G residues that are part of the AP-2 binding site in which methylation interferes with AP-2 binding. The arrow indicates the G residue in the noncoding strand that lies outside the consensus AP-2 binding site. recognition site by EMSA. WT and mutant 1 (MT1) labelled DNA fragments from Ϫ52 to Ϫ90 bp served as probes for these experiments. The intense band indicated by the arrow in Fig. 7 is readily apparent in the presence of WT probe (Fig. 11 , lanes 2 and 8) but is absent with mutant DNA as the probe (lanes 3 and 9). This band was previously shown to supershift in the presence of AP-2 antibody. Competition experiments indicate that a 50ϫ excess of unlabelled WT DNA serves as an effective competitor for binding to this factor (lanes 4 and 10), while a 100ϫ excess of mutant DNA fails to reduce the intensity of this band (lanes 7 and 13). Retarded bands with a higher migration rate were also observed with both the WT and mutant DNA as the probe (lanes 2, 3, 8, and 9) . A reduction in the intensity of these bands was obtained when WT and mutant DNAs were used as competitors, although mutant DNA was not as effective as WT DNA (compare lanes 6, 7, 12, and 13 with lanes 4, 5, 10, and 11). It should be noted that these lower bands did not supershift in the presence of AP-2 antibody (Fig.  8) . Another weak band located near the gel origin (shown not to be competed out with excess unlabelled AP-2 oligonucleotide in Fig. 7 ) was restricted to the lanes containing the WT probe (lanes 2 and 8). Qualitatively similar results were observed with d7 and d16 retinal extracts, although the signal intensity was considerably lower with d7 extracts.
DISCUSSION
The retina is well characterized morphologically and physiologically. The time of appearance and location of each of the major cell types in the retina as well as the function of these cells have been described for a number of species. However, we still have a poor understanding of the nature and function of the precursor neuroectodermal cells that differentiate into the various classes of neurons and glia found in the mature retina. R-FABP is expressed in tissues derived from neuroectodermal cells, including brain and retina. In the retina, R-FABP has an expression profile that suggests a role in cell proliferation and early differentiation; i.e., R-FABP is expressed at elevated levels in the undifferentiated cells of the retina, and tissue maturation is accompanied by a dramatic decrease in mRNA levels (50-to 100-fold decrease from d3.5 to d19 of incubation) (24) . We analyzed the regulation of the R-FABP gene in order to gain insight into the molecular mechanisms and transcription factors involved in controlling gene expression in the retinal neuroectodermal cells.
The 5Ј flanking DNA of the chicken R-FABP gene has an extremely high GC content, with Ͼ80% G's and C's over 200 bp of 5Ј flanking DNA, including 33 CpGs. The expression of some genes has been shown to be closely related to the methylation status of CpGs in their promoter regions (reviewed in reference 17). Nonmethylated CpG islands are generally believed to be associated with sites of transcribed genes, while CpG methylation apparently inhibits transcription. Some transcription factors which contain CpGs in their recognition sites are affected by methylation (e.g., AP-2) (14) while others (e.g., Sp1) (32) are not. DNA methylation appears to function by preventing the binding of some transcription factors and by altering chromatin structure (reviewed in reference 17). We have found no evidence of methylation in the promoter region of the R-FABP gene either in retina (differentiated or undifferentiated tissue) or in the adult liver where R-FABP mRNA is not detected. These results suggest that CpG methylation in the immediate upstream region of the R-FABP gene is not involved in the repression of R-FABP gene transcription, at least in the differentiated retina and liver. Similar observations have been made for the human ␣-globin gene, whose promoter is unmethylated not only in tissues expressing the ␣-globin gene but in nonexpressing tissues as well (5) .
We used nuclear extracts of d7 and d16 retinas to study DNA-protein interactions in the upstream region of the R-FABP gene. At d7, 60% of retinal cells are proliferating (16) and R-FABP transcript levels are high (24, 26) . The relatively large size of the eyes at this late proliferative stage facilitates the accumulation of the large quantities of retinal tissue re- ϩ RNA was extracted from d5, d7, d10, and d16 chick retinas. After electrophoresis, the RNA (2 g/lane) was transferred to a nitrocellulose filter and sequentially hybridized with 32 P-labelled AP-2 cDNA isolated from a human adult retina library and actin cDNA. The blot hybridized with AP-2 cDNA was washed at 45°C in 0.1ϫ SSC-0.1% SDS. Exposure to X-ray film was 3 days for the AP-2 cDNA probe and 1 h for the actin probe. The arrows indicate the position of the AP-2 transcripts. The band marked by an asterisk represents residual signal from a previous hybridization. (B) Western blots were prepared with nuclear extracts from two different preparations of d7 retina and from d16 retina. Fifty micrograms of protein was loaded in each of the d7 lanes, and 25 g was loaded in the d16 lane. AP-2 was detected with a commercially available anti-human AP-2 antibody that specifically recognizes AP-2␣. Molecular mass standards (kilodaltons) are indicated on the side. FIG. 11 . Mutation of the core recognition sequence for AP-2 binding prevents DNA-protein interaction. EMSAs were carried out with WT (WT AP-2, GCCGTGGGC) and mutant (MT AP-2, GTTGTGGGC) DNA fragments from Ϫ52 to Ϫ90 bp. The 32 P-labelled probes were incubated with nuclear extracts from either d7 or d16 retina in the presence or absence of WT or mutant competitor DNA. There was a 50ϫ excess of competitor in lanes 4 (WT), 6 (MT), 10 (WT), and 12 (MT) and a 100ϫ excess in lanes 5 (WT), 7 (MT), 11 (WT), and 13 (MT). quired for these analyses. DNase I hypersensitivity and DNAprotein interaction studies with d7 retina suggest that the major regions responsible for transcriptional regulation of the R-FABP gene are located within 205 bp of the transcription initiation site. Three footprints were identified in this region with d7 retinal extracts, and four footprints were identified with d16 retinal extracts. Footprint I (Ϫ24 to Ϫ52 bp) includes a putative TATA box (TTTAAA) located 30 bp upstream of the R-FABP transcription start site as well as SP1 consensus sites and is required for basal transcriptional activity based on transient CAT expression in primary d5 retinal cultures. Of note, another FABP gene closely related to R-FABP, mouse H-FABP, also has a TTTAAA sequence located Ϫ21 to Ϫ26 bp upstream of the transcription start site (47) . A subset of FABP genes may show a preference for this sequence, similar to what has been reported for the milk protein genes (61) . A construct that includes footprint II (Ϫ63 to Ϫ80 bp) in addition to footprint I generated a four-to fivefold increase in CAT activity compared to a construct with footprint I alone. Additional 5Ј flanking DNA, including footprint IV at Ϫ199 to Ϫ205 bp, resulted in a Ͻ2-fold further increase in CAT activity. Footprint III (Ϫ114 to Ϫ140 bp) is found only with d16 retinal extracts and may play a negative role in the regulation of R-FABP transcription.
Footprint II is of special interest because different patterns are observed with d7 (footprint from Ϫ63 to Ϫ80 bp) and d16 (Ϫ59 to Ϫ80 bp) retinal extracts, suggesting that the interaction of nuclear protein(s) with this DNA region differs in the undifferentiated and differentiated retinas. Furthermore, footprint II includes an AP-2 consensus binding site, 5Ј-GCCNN NGGC-3Ј. AP-2 is a transcription factor implicated in gene regulation during embryogenesis (57) and has been shown to be involved in the differentiation of P19 embryonal carcinoma cells along the neuroectodermal pathway by retinoic acid (43) . A number of genes have been found to be regulated by AP-2, including insulin-like growth factor-binding protein 5, which is expressed in the retina (10, 15) . There are at least three genes that encode members of the AP-2 family in mammals, AP-2␣, AP-2␤, and AP-2␥ (39, 58) . To date, only the AP-2␣ cDNA has been isolated from chicken cells (EMBL/GenBank accession no. U72992). AP-2 factors encoded by all three genes bind as dimers to the same AP-2 DNA recognition sites. These factors have similar dimerization domains but differ in their transactivation domains. AP-2␣ consists of two splice variants, AP-2␣A and AP-2␣B (9) . The latter is a negative regulator of transcriptional activation by AP-2 and functions by blocking DNA binding. The AP-2 family is therefore considerably more complex than originally anticipated, suggesting a need for controlling AP-2 activity at multiple levels and in a tissue-or cell-specific manner. Gel shift assays with an AP-2 consensus oligomer as the competitor, supershift experiments with AP-2 antibody, and methylation interference experiments all indicate that a member of the AP-2 family binds to footprint II located upstream of the R-FABP gene. Notably, although the d16 footprint extends further than the d7 footprint, the same banding patterns are observed in the EMSA and supershift experiments with either d7 or d16 retinal extracts. Furthermore, methylation interference experiments indicate that the same nucleotides are involved in nuclear protein binding in the two tissues. Taken together, these results suggest that one or more members of the AP-2 family expressed in d7 and d16 retinas are binding to the AP-2 consensus site located upstream of the R-FABP gene.
One would expect a positive regulator of R-FABP transcription to be expressed in the undifferentiated retina when R-FABP transcript levels are highest. The absence of detectable AP-2␣ mRNA and protein in d5 retina and its relatively low abundance in d7 retina compared to d10 retina suggest that at least this member of the AP-2 family is not an activator of R-FABP transcription. The comparatively weak signal observed in the DNA-protein interaction analyses (footprinting and EMSA) with d7 versus d16 retinal extracts further indicates that overall AP-2-like activity (defined as the ability to bind to the AP-2 recognition site) is significantly higher in the more differentiated retina. Based on these observations, we propose that AP-2 (most likely AP-2␣) functions as a repressor rather than an activator of transcription. In support of this hypothesis, it should be noted that a decrease in the steadystate levels of R-FABP mRNA is first observed in d10 retina (24) when AP-2␣ transcript and protein levels peak. Furthermore, although R-FABP mRNA is abundant in the d7 retina, only 60% of cells are in the proliferative stage. The remaining cells have already differentiated or are undergoing differentiation. It is therefore possible that the factors in d7 retina that interact with the AP-2 binding site are found exclusively in the differentiated population of cells. Because of the difficulty in obtaining sufficient retinal material at earlier developmental stages for nuclear extract preparation, this question may best be resolved by identifying the AP-2 factors expressed in the developing chick retina and determining which cell types produce these factors.
Although AP-2 is generally considered to be an activator of transcription, it has also been shown to negatively regulate the transcription of the following genes: stellate cell type 1 collagen, K3 keratin, acetylcholinesterase, prothymosin, and ornithine decarboxylase (11, 12, 22, 23) . In all these cases, it was proposed that AP-2 functions as a repressor by displacing or competing with a positive transcription factor that has a binding site that overlaps with or is adjacent to the AP-2 recognition site. If AP-2 functions as a transcriptional activator of the R-FABP gene, transfection of a construct carrying a mutated AP-2 site into proliferating retinal cells should result in a decrease in CAT activity. If, on the other hand, AP-2 functions as a transcriptional repressor, an increase in activity would be expected only in cells that express AP-2. DNA transfection of mutant constructs in which as many as four of the six conserved AP-2 residues have been altered (5Ј-GCCNNNGGC-3Ј to either 5Ј-GTTNNNGGC-3Ј or 5Ј-GTTNNNTTC-3Ј) generates only a slight decrease in CAT activity compared to the WT construct. Gel shift experiments with the mutant AP-2 recognition site show that AP-2 can no longer bind to this site. The DNA transfection results with d5 retinal cultures are therefore consistent with AP-2 functioning as a repressor of R-FABP transcription, in agreement with the DNA-protein interaction experiments and the AP-2 expression profile in the developing retina. We have not yet identified the sequences that are responsible for the increase in CAT activity observed between Ϫ51 and Ϫ135 bp. A positive regulatory element may overlap with the AP-2 binding site and be partially inactivated by the mutations introduced in this region. Gel shift experiments reveal the presence of a number of bands that are not competed out by excess AP-2 oligomers with a Ϫ52-to Ϫ90-bp fragment as the probe. Alternatively, sequences upstream of footprint II may be required for optimal transcriptional activity.
The extension in footprint II seen in the d16 extract may reflect the presence of an additional factor binding to this region which is detected only under the conditions used in our footprinting assay. One major difference between the gel shift and footprinting experiments is the comparatively large size of the DNA fragment used for footprinting. More complex DNAprotein interactions may therefore be favored by the latter technique. Whether the AP-2 transcription factor(s) expressed VOL. 17, 1997 R-FABP GENE REGULATION IN THE DEVELOPING RETINA 5943
on December 18, 2017 by guest http://mcb.asm.org/ in d7 and d16 retinas is the same or represents different members of the family or different splice variants will be the subject of future investigations. It will also be of interest to study footprint III to see if we can identify the transcription factor that binds to this region, as it may represent a transcriptional repressor for genes expressed in the differentiating retina.
In conclusion, we have used a combination of techniques to identify the regulatory elements important for the transcription of the R-FABP gene in the developing retina. By DNase I hypersensitivity analysis, DNA transfection, and DNA-protein interaction assays, we have shown that strong cis regulatory activity is located within 200 bp of the transcription initiation site of the R-FABP gene. The data presented here support a role for the family of AP-2 transcriptional factors in the regulation of the R-FABP gene in the developing retina. The AP-2 expression profile in the retina, gel shift experiments, and DNA transfection analysis with constructs carrying mutations in the conserved residues of the AP-2 binding site all suggest that AP-2 is a repressor of R-FABP transcription.
